This paper studies the converter rating requirement of a Brushless Doubly-Fed Induction Generator for wind turbine applications by considering practical constraints such as generator torque-speed requirement, reactive power management and grid low-voltage ride-through (LVRT). Practical data has been used to obtain a realistic system model of a Brushless DFIG wind turbine using steady-state and dynamic models. A converter rating optimization is performed based on the given constraints. The converter current and voltage requirements are examined and the resulting inverter rating is compared to optimization algorithm results. In addition, the effects of rotor leakage inductance on LVRT performance and hence converter rating is investigated.
Introduction
The Brushless DFIG is a promising replacement for the widely used conventional DFIG offering improved reliability, reduced capital and maintenance costs and has significantly greater LVRT capability [1, 2] . It is intrinsically a mediumspeed machine, enabling the use of a simplified one or two stage gearbox, hence reducing the weight of the overall drivetrain and further improving reliability [3] . It also retains the low-cost advantage of the DFIG system as it only requires a fractionally rated converter and does not use permanent magnet materials. The size of the converter is determined not only by generator design but also by grid requirements on reactive power and LVRT. However, little attention has been devoted to the optimization of converter rating for the Brushless DFIG [4] .
The converter comprises a machine-side inverter (MSI) and a grid-side inverter (GSI). The optimization method minimizes the sum of the MSI and GSI ratings, hence the total cost. The Brushless DFIG's per phase equivalent circuit, offering a straightforward way of calculating efficiency, power factor and other steady-state measures of the machine is used to analyse the effects of machine design and reactive power management on converter rating, whilst the coupled-circuit dynamic model is used for LVRT effects. This paper examines the effect of speed range on the inverter rating using simulation. Sources of reactive power generation and consumption with expressions derived for the MSI, GSI and the total inverter rating in terms of the power winding (PW) and control winding (CW) reactive and active power are determined. Total inverter rating optimization based on the equivalent circuit model considering a number of constraints is performed.
The rotor inductance, L r significantly affects the machine's performance as well as the converter rating since higher inductance values can limit the LVRT transient currents, hence reducing converter size. However, a larger MSI voltage range is then required for controlling reactive power. The Brushless DFIG has an intrinsically larger 'series' inductance, hence experiences a reduced transient current in the MSI compared to that of an equivalent DFIG [2] . As a result, the system complexity and cost can be reduced and the MSI can be utilized to support the supply of reactive current during the entire fault cycle, giving fast dynamics. Therefore, the assessment of L r in system optimization is important and this paper investigates its effects on converter rating and machine efficiency.
Operation of the Brushless DFIG
The Brushless DFIG as a variable speed drive or generator comprises two electrically separate stator windings, the Power Winding (PW) connected directly to the mains and the Control Winding (CW) fed by a variable voltage and frequency converter. For variable speed operation, the shaft speed of a Brushless DFIG is given by:
where f 1 and f 2 are PW and CW supply frequencies and p 1 and p 2 are their pole pair numbers, respectively. With the CW shorted (f 2 is zero), the shaft speed is defined as the natural speed. For a 4/8 pole machine this is equivalent to 500 rpm. The Brushless DFIG's per phase equivalent circuit is shown in Fig. 1 with parameters listed in Table I . The slips are defined as follows:
where ω 1 and ω 2 are the angular frequencies of the PW and CW, and ω r is the shaft angular frequency. and is able to provide reactive power directly to the grid. A capacitor bank may be utilized at the grid terminals to provide a contribution to reactive power generation. A torque profile over the generator speed range is assumed based on available data from practical wind turbines. E.ON grid code requirements have been used to investigate compatibility with the grid. The converter optimization has been carried out on the 180 frame Brushless DFIG with specifications given in [1] .
Fig. 2. Brushless DFIG wind turbine
The CW rating is calculate as
and is related to the MSI rating, S MSI , by
To control the real and reactive power of the Brushless DFIG PW, a control algorithm is used to express the currents and voltages of the CW in the d-q reference frame [5] . Fig. 3 shows the Brushless DFIG control loop to regulate the real and reactive power of the PW.
Fig . 3 . Control scheme of the PW real and reactive power Therefore, the real and reactive power of the PW can be regulated by i 1q and i 1d , respectively with the control chain summarized as,
From (8) and (9), the MSI is used to control the PW real and reactive power, hence the reactive power management directly affects the size of the MSI. The GSI is generally used to stabilize the DC-link voltage by handling the real power of the CW. However it can also be used to provide reactive power directly to the grid and the total inverter rating, i.e. sum of MSI and GSI can then be optimized. To achieve a grid power factor of cosϕ, the total reactive power output, Q tot , is written as
Q tot includes the reactive power of the PW, Q 1 , as well as the reactive power provided by the GSI, Q GSI . Therefore, Q GSI is written as,
and its rating, S GSI , is given by
When unity power factor is required, (12) becomes,
The total inverter rating, S tot , is the sum of GSI and MSI ratings, given by, 
Converter Rating Optimization
The inverter rating optimization of the total inverter rating comprising the MSI and GSI is studied using simulations at different operating points. Measurements are made on a prototype D180 4/8 Brushless DFIG, shown in Fig. 4 , to verify the results. Special attention is paid to avoid saturation. The equivalent circuit parameters of the machine are shown in Table II . The sum of MSI and GSI is minimized for given constraints on generator reactive power. It is assumed that the reactive power can be generated by the stator PW and GSI independently. The former is performed through controlling the excitation of the CW by the MSI. Thus generation of reactive power by either means affects the converter size. Using the method presented, the inverter rating optimization has been performed for a Brushless DFIG wind turbine using a practical power curve as shown in Fig. 5 [7] . 6 shows the converter rating requirement over the speed range of -30% to +19% to achieve unity power factor. The PW is supplied at 240V and 50Hz. The corresponding MSI and GSI ratings are also shown. As can be seen, greater converter rating is required at either ends of the speed range, and the split between MSI and GSI is not equal. Since higher torques and inverter currents are required at the higher end of the speed range, the operation at the maximum speed typically determines the inverter rating requirement. At 590 rpm, when the maximum speed of the generator is reached, the mechanical torque is at its highest value of 105 Nm with the maximum MSI current of 8 A, giving an output power of 6.8 kW.
LVRT Performance and the Effect of Rotor Inductance
In most recent grid codes, wind generators are required to stay connected and be able to ride through low voltage faults and meet the reactive current demanded by the grid. LowVoltage Ride-Through (LVRT) capability is therefore important for wind generators, which are integrated into the grid. According to the grid code by E.ON, when the grid experiences a symmetrical low voltage fault, wind turbines need to 1) ride through a period of zero voltage up to 0.15 s and a further period of grid voltage recovery up to 1.35 s; 2) inject reactive current to the grid up to the rated current during the entire 1.5 s, as shown in Fig. 7 .
Fig. 7. LVRT requirement by E.ON grid code
The simulation results for the LVRT performance of the Brushless DFIG system with a symmetrical three-phase shortcircuit is shown in Fig. 8 . The machines is run at 650 rpm at nominal torque of 100 Nm. When a grid fault occurs, the CW current and the MSI current rise rapidly due to loss of magnetization [2] . The IGBTs in a converter can typically tolerate a transient peak current up to 2 p.u. but above this level, an additional hardware such as a crowbar is necessary to protect the converter. It is shown in [2] that the rotor inductance L r has an important effect on limiting the transient current.
In order to assess the LVRT performance of the Brushless DFIG, a coupled-circuit model is utilized [2] . Fig. 9 shows the variation of MSI rating against variation of L r to enable grid LVRT without a need for crowbar. In the same figure, the MSI rating required to achieve unity power factor during steady-state operation is also shown. As expected, an increase 
E.ON Test in this paper
Rising time <20 ms in L r reduces the MSI rating needed to ride through grid faults, but comes at the price of limited capability in reactive power management. The linear relationship between converter voltage and rotor leakage inductance proves that as L r is increased, the MSI voltage also increases since a higher voltage is required to magnetize the windings. It can be seen from Fig. 8 that there is a crossover which shows the rotor inductance at which MSI rating is minimum while satisfying both requirements. The rotor inductance may also affect other performance measures of the Brushless DFIG, such as efficiency. Fig. 10 shows the effect of L r on full load efficiency. As expected, the efficiency declines slightly with increase in L r . This is due to the increase in the MSI voltage and current as the leakage inductance is increased. 
Conclusions
The converter rating for the Brushless DFIG wind turbine has been studied with respect to reactive power management and grid LVRT requirement. The optimization procedure takes into account the ratings of MSI and GSI to achieve a minimum sum to satisfy steady-state and transient operating constraints. It has also been shown that a higher rotor inductance limits the LVRT currents but comes at a price of more difficult reactive power management and reduced overall efficiency. 
